We present the first integral equations calculations and computer simulations of the static structure and ionic transport properties of molten nickel dihalides near melting. The calculations have been carried out using the hypernetted chain theory of liquids (HNC), and for the simulations we have used molecular dynamics (MD). The potentials used for the calculations have a similar functional form as the semiempirical potentials originally proposed by Rahman in 1978 (Phys. Rev. Lett., 40, 1337) to study a-Agl.
INTRODUCTION
The static structure and ionic transport properties of molten nickel halides (NiX 2 ; X = CI, Br, I) have been investigated via the hypernetted chain (HNC) approximate theory of liquids calculations and molecular dynamics (MD) simulations with the use of semiempirical effective rigid ion pair potentials.
The functional form of the potentials was originally proposed by Vashishta and Rahman (VR) to study the nature of ionic motion in α-AgI III. The same functional form of this semi-empirical potential has also been used to investigate the structure of various molten salts, such as silver and copper halides 12-11. Moreover, a similar functional form has been used to study the structure and ionic transport of the molten silver chalcogenides /8/.
The systems mentioned above either melt from a superionic phase, or exhibit strong pre-melting phenomena. However, with the exception of Nil 2 , there is no evidence or suggestion that the nickel halides belong to either of these categories. Unpublished quasi-elastic neutron scattering data in solid Nil 2 near melting suggest that this system may be approaching a fest ion phase with the Ni cations the mobile ions 191. Whence, with the exception of Nil 2 , the use of the VR potentials -even allowing for the fact that these are semiempirical potentials -does require some justification. This is attempted below.
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First, we have recently completed calculations on the structure and ionic transport of the thallium halide melts using the VR potentials /10/. Our results for the total structure factors for these systems are in fair agreement with experiment, and we also find reasonably good agreement between experiment and the results we obtained for the ionic conductivity. The molten thallium halides turn out to be an intermediate case between the noble metal-halide melts and the alkali-halide melts. Also, Vashishta and co-workers have used similar VR potentials to study the structure of the molten and glassy chalcogenides, of which references /11,12/ are only a sample of their extensive work on these systems.
Second, within the divalent metal halides MX 2 -where M 2+ is the doubly charged metal ion and X" is the singly charged negative halogen ion -BaCl 2 , SrBr 2 and SrCt are well known superionic conductors. According to a classification scheme based on the orbital nodal radii, these three superionic conductors are classified into a high ionicity group /13/. In the following section we present briefly our parametrization of the potentials, as well as minimal information on the solution of the hypernetted chain (HNC) integral equation theory of liquids and the molecular dynamics (MD) code used in our work. In Section 3 we present our results. We complete the paper with a brief summing up and discussion of our results.
FORMALISM

A. The Potentials
As indicated in the introduction we have used in our calculations the functional form of the potential originally proposed by Vashishta and Rahman, namely
The first term in eq. (1) has the Pauling form of the repulsive potential which arises from the overlap of the closed shell of electrons. The second term denotes the Coulomb interaction between the charges Z^. The third term is an approximate "screened" monopoleinduced dipole attractive interaction. The last term denotes the dispersion, or van der Waals, interactions. The ions are treated as carrying effective charges which are related by |Z + | = 2|Z_|. The charge neutrality is satisfied by the relation £c a Z a = 0, with the number concentrations c + = y and c_ = -. The decay length d has been taken to be 4.43 Ä for all nickel halides. The ionic radii of the Ni 2+ and X" ions are determined from the anion-anion and anion-cation close contact in their crystal structure, which is of the CdCl 2 -type/21/. The parametrization of the semi-empirical potentials used in this work, eq. (1), follows the prescription suggested by Rahman and Vashishta for Agl 1221, and is used in all subsequent calculations with the VR potentials. However, it is possible to obtain different sets of parameters which satisfy their prescription. Of these we have chosen that set which, used in conjunction with MD simulations, shows that the system has just melted at the experimental temperature and density. The parameters used in our calculations are given in Table 1 . Figure 1 shows the effective pair potentials used in our HNC calculations and MD simulations of molten NiCl 2 , NiBr 2 and Nil 2 , respectively. The differences between ΦΝΜΜ and φχχΟΟ at small values of r are a manifestation of the differences in size between cations and anions (σ Νι = 0.7335Ä, σ α = 1.7715Ä in NiCl 2 ; σ Νι = 0.777Ä, σ & = 1.854Ä in NiBr 2 ; σ Μ = 0.806Ä, σ, = 1.946Ä in Nil 2 ). The differences in charge between cations and anions play a more important role at large values of r. The depth of ΦΝ« is different since the effective charges are different for each system The values of the charges (see Table 1 We evaluated the pair distribution functions gop(/·), the Faber-Ziman partial structure factors a^k) and the Bhatia-Thornton partial structure factors S^k) using both the HNC approximation and MD simulations /13/. From the partials we reconstructed, using the appropriate neutron scattering lengths b a , the total structure factor Sj{k) in order to make direct comparison with the experimental results.
We obtained numerical solutions of the HNC for the pair potentials given in Eq. (2.1), at temperature Τ and density p, using a method originally due to Gillan /23/. All the calculations were carried out using Μ =1024 mesh points.
For our MD simulations we used a set of Ν = 324 ions (216 anions and 108 cations) placed in a cubic box whose side L is defined by the density p, with periodic boundary conditions at temperature T. The time steps for our simulations were At = 0.005 ps, and the properties were obtained by averaging over 200,000 configurations. The procedures used in our simulation code are described elsewhere and we specifically refer readers to Refs. 6 and 7 for further details (see also /24/).
The structural properties studied in this work are the pair distribution functions g«p(r), and the partial structure factors a^Qc) and S^{k). The structure factors were calculated directly from the density fluctuations 111. We show the results for go$(r), a^Qc) and S^Qc) in the next section.
We also evaluated the mean square displacements ( r a (θ)(α = +,-), and the normalized velocity autocorrelation functions (vacf) CJt). We have also evaluated the normalised charge-current density autocorrelation function (?(f), and the normalized distinct correlation function δ(ί) /25,26/. We have evaluated both the diffusion coefficients D a , and the specific ionic conductivity σ. For the first we used both the Einstein relation and the Kubo formula /27/. For σ we also used the corresponding Kubo formula /27/ and the Einstein-like relation discussed by Trulläs and Padrö /26/. Results for D a and σ, also presented in the next section, are normally an average of those obtained from using both approaches.
It is also possible to use the distinct correlation function to define uniquely the coefficient Δ125/ which measures the deviation of σ from the Nernst-Einstein relation /27/. Our results for Δ are also presented in the next section.
RESULTS
A. Liquid Structure
We have carried out HNC calculations and MD simulations for the molten NiX 2 at the same thermodynamic states for which neutron scattering experiments were reported /18-20/. The input temperatures and densities are given in Table 2 .
The pair distribution functions gopM of molten NiX 2 (X = CI, Br, I) obtained from the HNC calculations and MD simulations, as well as those deduced from the experimental data, are shown in Figure 2 . We note that -save small differences for the height of the first peak of unlike ions, and the position of the pair distribution function between anions -the HNC results are in good agreement with the MD simu- Table 2 Input thermodynamic data used in the HNC calculations and MD simulations, ρ is the number density, in ions-Ä" 3 ; Τ is the temperature, in K. We also include, for comparison, the melting temperature, T m C. Tasseven et al. lations. The general features of the calculated and simulated ga#{r) for all the nickel dihalides are very similar to one another but there are important differences between them and those deduced from the experimental data which we discuss below. The most important difference is in the gimSf)· The principal peaks of the experimental pair distribution functions are displaced towards smaller values of r compared with our results. This effect, coupled with the fact that the positions of the principal peaks of the experimental gNNiW and gxx(r) tend to coincide, whereas those obtained in our calculations do not, is likely to be due to the use of rigid ion model (VR) potentials in our calculations. It has been suggested that polarizable ion model (PIM) potentials are needed to describe these specific features /17/. Moreover the oscillations of the experimental gN^.W tend to go out much further than those obtained in our calculations; a feature which is likely to be related to the real space manifestation of the prepeak present in the structure factor /28/.
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The experimental g a p(r) show strong charge penetration in Nil 2 but not in NiCl 2 and NiBr 2 . This is another difference with our calculations where none of the melts show significant charge penetration. We note here that whereas the PIM potentials reproduce the rather broad features of the first peak of ^ΝΜ(Γ) in Nil 2 charge penetration into the first coordination shell is unlikely to be observed. On the other hand, although Wood et al. /19/ stated they had problems with the Fourier inversion of the experimental data from which they deduced gNNiM in Nil 2 , there is almost perfect agreement with a Reverse Monte Carlo (RMC) fit to the experimental data /29/. This feature of £ΝΜ(Γ) in Nil 2 is one of the signatures of a superionic melt. The conflict between our findings, as well as those in reference /17/, and the experimental/RMC results will be discussed in the next section.
The overall features of gopW suggest that there are no complex ions in the molten nickel halides, but ionisation of the form NiZ 2 ->· Ni 2+ + 2 JC. In Table 3 some structural features of molten NiX 2 are given and compared with other 2:1 molten halides for which structural experimental information is available. given in the experimental rows are the sum of the standard Pauling ionic radii. In the case of our results these are calculated by assuming that crystal structure is determined by anion-anion and cation-anion close contact. In the case of BaCl 2 , SrCl 2 , CaCl 2 and ZnCl 2 r a ρ denotes the r value of the first peak in gopW; for the other cases f a ρ denotes the r value of the principal peak in fgapir). g ap (F) denotes the height of the principal peak. Finally, the coordination numbers of β ions around an α ion is denoted by n^. These numbers are determined in this work by integrating the fgaßir) curve to its first minimum /35/. We now discuss the coordination numbers in molten NiX 2 . In doing so we recall that n^ is an average number and that, in a liquid, the root mean square variation of the ionic separation in the first coordination shell is around 30%, whenever it is possible to make distinctions between coordination shells. All three nickel dihalides have the same CdCl 2 -type solid state structure with coordination numbers η^Ί = 8, ΗΧΧ = 8 and / »NDC = 6 /21/. In the melt the values deduced for n^ from experiment, RMC, MD simulations and HNC calculations agree reasonably well with each other, with the latter always slightly lower than the MD results. Those results show that the solid state sixfold coordination of X" ions around each Ni 2+ ion, with the ratio σ_+ σ_/σ + + σ_ = 1.41, definitely changes. Our results place the molten nickel halides in between molten MgCl 2 , with which they share a common solid state structure, and a fourfold tetrahedral coordination as in molten ZnCl 2 (see Table 3 ). In a perfect tetrahedral arrangement r__ /r + _ = 1.63, whereas in our case the ratio r__ /r + _ take values around 1.54 -1.57. We believe the information obtained from the coordination numbers is not sufficient to decide between an octahedral arrangement, favoured by the RMC method, or the tetrahedral favoured by the experimentalists. Our results for the coordination numbers πνμ and «χχ are, respectively, about 6-7 and 11-12.
We now turn to the structure factors. We present, in Figure 3 , the total structure factors Sj{k), calculated from the Faber-Ziman partial structure factors /35/. Our results are compared with the experimental data. Comparison between the different Sj(k) for the same system obtained by using the method of isotope substitution is a demanding test of any theory. It is this comparison which is presented in Figure 3 , and which we discuss below. The values of the effective coherent scattering lengths used in our work, in fin (10" agreement is rather poor. We find that, in all cases, agreement between experiment, theory and simulation is best for the "zero" nickel cases. The main reason is that the nickel ions are responsible for the presence of the prepeak, or first sharp diffraction peak (FSDP), which clearly show up in the "natural" nickel cases at k =1 A' 1 . Prepeaks in both our HNC and MD results are at around k =1.5 A" 1 . This feature clearly reveals shortcomings in the pair potentials used in our calculations. The fact is that to push the prepeak towards the position at which these are found in the experimental data it may be necessary to introduce many body forces. We note that in Figure 4a . we used the original experimental data for molten NiCl 2 /18/. However, more recent experiments on NiCl 2 -alkali halide mixtures /36/ found important differences, at small k, from the original data /18/, which brings the behaviour of molten NiCl 2 nearer to that of molten NiBr 2 . In particular the pre-peak is more pronounced and some of the other features which appear in Sj(k) at k < 2 A" 1 are likely to be spurious.
Our results for the Faber-Ziman partial structure factors a^(k) are presented in Figure 4 and compared with the experimental data. An important difference is the absence of the pre-peak in the cation-cation partial structure factors atmJik) in our results, which is present in the neutron diffraction data. On the other hand, both our aiKx(k) and Oxx(ft) agree reasonably well with the experimental results. The experimental aua(k) also has a pre-peak just before its main deep occurs which also contributes to the pre-peak in the total structure factors; this pre-peak is also absent in our results. Wilson and
Madden /17/ have shown in their MD simulations using the PIM potentials that as the cation size increases to a value which corresponds to BaCl 2 or SrCl 2 systems, the pre-peak in the cation-cation partial structure factors disappears. However, no pre-peak was observed by these authors for any values of cation size in their rigid ion model (RIM) potentials simulations. Our results are consistent with their findings even if our VR potentials are different from the RIM potentials used in ref. /17/.
In Figure 5 we present the Bhatia-Thornton partial structure factors /32/, S^k), and compare them with those constructed by Salmon /37/ from the original experimental data. In the figure Smtfc), Scc(k) and Sudk), denote in our case the number-number (NN), charge-charge (CC) and number-charge (NC) partial structure factors. Salmon /37/ carried out a detailed comparative study of a number of 2:1 melts and glasses. Our comments below, while restricted to the nickeldihalide melts, have been influenced by this study. First we note that the Bhatia-Thornton partial structure factors have to satisfy the following sum rules: Sm(,k) > 0; Scdk) > 0; and 4m(it)SbcCit) > (k). Our results satisfy the sum rules but Salmon finds that the third is not satisfied by the experimental data for molten NiBr 2 and Nil 2 for values of k <. 0.8 A" 1 . Second, our results reproduce the three characteristic peaks in Sm{k), one of the signatures for intermediate range order in liquids. The problem lies in the position of the peak at the lowest value of kr, whereas the experimental peak is placed at around k = 1 A' 1 and is well defined, our results place this peak at around k = 1.5 A" 1 and are much broader. The positions of the other peaks show agreement between theory, simulation and experiment, but again there are differences in the width of the peaks. Our results for Scdk) and S^cfk) are in fenagreement with experiment As a result, we suggest that the mechanism for the prepeak in the molten NiX 2 , and the resulting intermediate range order, are largely due to density fluctuations.
B. Ionic Transport Figure 5 shows the mean square displacements ( r a ('))(<* = +»-) for molten NiX 2 . These suggest there is very little difference between the cation and anion mobilities. We discuss this feature, together with possible suggestions for the diffusion mechanism in these melts in conjunction with our results for the velocity autocorrelation functions (vacf), C a (t), which are shown in Figure 6 . Both (r£ (t)} and CJf) are the results of our MD simulations. We have also calculated the distinct correlation functions; these are available on request.
There appears to be a combination of size and mass effects in the transport behaviour of these melts. In our case the Ni 2+ ions are always the smaller, but in NiCl 2 the CI" ions are the lighter. This "mass effect" does influence the behaviour of the mean square displace- ments. In both NiCl 2 and Nil 2 the light ions (Cl~ and Ni 2+ respectively) are the more mobile. In NiBr 2 , however, although the (r£(t)\ appear to follow the same trend at relatively short times (kinetic regime), t <, 0.2 ps, cross at longer times (hydrodynamics regime) when the heavier ions are slightly more mobile; this crossover is possibly due to "size effects". The most important observation is that from the (r£ (θ) results there is no evidence of remnants of fast ion conduction in molten Nil 2 . This was to be expected since the pair distribution functions obtained in our calculations do not exhibit the large amount of charge penetration found by experiment. We return to this point in the next section. Tinning to the velocity autocorrelation functions, C a (/), it appears that the mechanism for ionic transport in the molten NiX 2 is somewhat similar to that found in the molten alkali-halides, namely a rattling motion of the lighter ions -shown in the Table 3 ), a cage made of about 2-3 Ni 2+ ions is not well defined. That the mechanism for ionic transport is more similar to that of the alkali halides than the noble metal halides 161 again suggests that, from our calculations, Nil 2 is not a superionic melt There are, to our knowledge, no published experimental data of ionic transport for the molten NiX 2 . Consequently the comments on the values we obtained, and listed in Table 4 , can only be taken as tentative remarks. The first point to make is that the diffusion coefficients for cations and anions have almost the same values; actually = 0.9-1.1, a ratio which is similar to that of the alkali halides. For the noble metal-halide melts the ratio cation/anion of the diffusion constants is around 2-3 16,11. The second point is that the calculations of the specific conductivity σ assume the charges to be Z Ni = 2 and Ζχ = 1 instead of the effective charges used in the effective pair potentials. The rationale for doing so is that, whereas in their interactions the ions "see" effective charges, in their transport the ions carry with them their full supplement of electrons. Given the differences between calculated and experimental pair distribution functions it is likely that our predicted results overestimate the values for D* and σ. Finally Δ = 0.2-0.3, namely Δ > 0, meaning that our values for σ are smaller than those we would obtain from the Nernst-Einstein relation. These values have the same trends as the molten alkali halides, with Δ « 0-0.2, as opposed to the superionic melts where Δ < 0.
DISCUSSION
We have presented the results of the first integral equation calculations and molecular dynamics simulations for the molten nickel dihalides using a semi empirical potential whose functional form was originally proposed by Vashishta and Rahman to study the properties of α-AgI III.
The combination of both approaches made possible the study presented in this work. Results for the structure are only in fair agreement, revealing important shortcomings in our potentials. First, our results do not reproduce the pre-peak at around 1 Ä' 1 , a feature that pair potentials mimic at higher values of momentum transfer but are unable to reproduce at the correct value; only the inclusion of many body forces are capable of doing that. Second, our results for gNcxM suggest that, unlike what was found by experiment, the positions of the principal peaks for gNar,(r) and gxx(r) are found at different values of r. Here the work of Wilson and Madden IM clearly shows it is necessary to include induced polarisation effects to bring the coincidence of these two peaks.
There are, however, a few problems which neither our approach nor the formalism of Wilson and Madden can solve. Their results, using the PIM potentials, suggest that the coincidence of these two peaks can be brought about only at the cost of sacrificing charge penetration, namely the penetration of the pair distribution functions of like ions into unlike ions. However, the experimental results for molten Nil 2 exhibit a large penetration of, in particular, cations. Large charge penetration is one of the signatures of a superionic melt and this, in turn, raises a few questions. First, our semiempirical potentials have, so far, been very successful in providing a reasonably qualitative picture of the structure of superionic melts; yet they fail to do so for molten Nil 2 . Moreover, the use of PIM potentials, if applied to this system while improving the description of the pair distribution functions, will fail, on the basis of results obtained for MC1 2 (M = Ba, Sr, Mg and Zn), to account for the experimental large charge
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penetration. Whichever way we look at molten Nil 2 , no effective potentials are capable of accounting for all its structural behaviour, and it is of great interest to understand why this is so. We suggest that studies of the molten NiX 2 using PIM potentials, probably including induced quadrupole polarisation effects, could be extremely useful in clarifying this situation. It may also prove extremely useful to look again at results for nil 2 in the hot solid phase in order to confirm the reported presence of fast ionic behaviour /29,37/ in the hot solid. It is also of interest to carry out a thorough experiment at different thermodynamic states starting in the hot solid phase and across to the liquid phase, similarly to the studies carried out by Keen et al. /38/ for AgBr.
Finally, we have already noted that, to our knowledge, there is no experimental information on ionic transport of the molten nickel halides, specifically diffusion and conductivity. Experimental data on, at least, the ionic conductivity will make a significant contribution to the understanding of the behaviour of these melts.
